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Abstract 
The aim of this study was to test if there is a significant change in the foot loading in a shoe with an unstable construction to flat 
soled shoes. Measurements were performed in a group of ten healthy women. Interaction between the sole and the insole was 
observed when using PEDAR-x system. Measurements were carried out on the treadmill (velocity: 5 and 7 km h-1, inclination:  0 
and 10 %). Measured variables were: peak pressure, maximum force in the vertical direction, maximum force in the vertical 
direction in the area below the heel bone, stride and stance. Peak pressure in unstable shoes is smaller in comparison to normal 
shoes. For maximal vertical force the dependence on both the speed and on the slope was found to be positive and significant. No 
significant dependence on the shoe type was proven. Maximal vertical force under the heel was detected as strongly statistically 
dependent on the velocity; the dependence on the slope and shoe type was significant (negative) too. Stride and stance duration 
are dependent on the shoe type. No significant dependence on the slope was proven. Unstable footwear may be an effective 
therapeutic tool for elimination of pressure below the heel. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the School of Aerospace, Mechanical and Manufacturing Engineering, RMIT University. 
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1. Introduction 
Human movement is characterised by bipedal walking and has significant impact on quality of life. Walking 
might vary due to several reasons. Bernstein [1] pointed out that for any given motor task there are many possible 
solutions. It is caused by the fact that the multitude of joints and muscles in the human body create redundant 
degrees of freedom. Changes in walking stereotype might also be caused by an injury [2,3], disorder [4-8] or aging 
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of the neuro-muscular system [9-12]. The role of footwear in causation and management of orthopaedic problems 
are explored in the revue by Kurup et al. [13]. 
According to Nigg et al. [14], stability of posture is critical for walking, and wearing proper shoes that support, 
gait and enhance leg strength increase walking stability. Shoes used for walking or for exercise are generally 
designed to stabilize posture and gait, but it is feared that wearing may cause a decrease in leg strength. In the last 
couple of years, there has been an increase in the promotion of unstable shoe constructions as a type of footwear 
beneficial for health. Several studies have been conducted to analyse biomechanical and neuromuscular changes 
during walking and standing while wearing shoes with unstable sole construction [14/18]. One well known unstable 
shoe construction is the Masai Barefoot Technology (MBT). This shoe concept has a rounded sole, which provides 
instability in the anterior-posterior direction and a cushioned heel sensor, which increases instability through its soft 
material in medial-lateral direction. Some studies [19, 20] have shown changes in kinematic parameters at the ankle 
and insignificant changes at the knee and hip joint when comparing walking shoes with a rounded soft sole and a flat 
sole. On the contrary Demura et al. [16] reported a decrease of motion in the hip and knee joints while wearing 
unstable shoes. According to other studies [19, 21], MBT increases muscle activity, which may be a useful training 
method for strengthening the muscle groups of the lower extremities. Nigg et al. [14] identify MBT shoes while 
standing as a mechanical muscle training device. These authors concluded that walking with MBT will strengthen 
the small muscles and influence the rotational axees which reduce the joint loading. This explains the resulting 
decrease of pain when using these shoes. 
Some studies [20, 22-24] introduce potential therapeutic opportunities due to the different profile of pressure 
distribution to flat-soled shoes. The unstable shoes are recommended to diabetic patients [25]. The stability of the 
proximal segment in the stance phase of walking is dependent on the stability of the distal segments. Instability of 
the legs may result in a reduced ability to stabilize the body [26]. However, the effect of the unstable shoes on gait 
or legs is still unknown. A few studies were conducted yielding somewhat different results. For example Myers et 
al. [27] reported that cadence increased significantly and walking speed was unchanged when wearing unstable 
shoes in comparison to regular shoes. Other authors [28, 29] claimed that the cadence was not significantly different. 
The aim of this study was to test the existing hypothesis that there would be significant changes in the foot loading 
in a shoe with an unstable construction (a shoe with sagittal plane curvature relative to flat soled sport shoes.) 
2. Material and Methods 
Measurements were performed in a group of ten healthy women (age: 35.1 ± 13.26 years, height 170 ± 5.72 cm, 
weight: 64.1 ± 7.66 kg). Excluded from the research experiment were subjects with structural disorders or with 
trauma of the lower extremities and pelvis, with central nervous system disabilities and with mental illnesses. 
Interaction between the sole and the insole (Fig. 1) was observed using the PEDAR-x system (Novel electronics, 
Germany), both when walking in regular sport shoes and walking shoes with the unstable construction 
(manufactured by Masai Barefoot Technology, Switzerland). The system consists of pressure sensing insoles 
connected to a box which is attached around the subjects´ waist and which transmits information to the PEDAR-x 
software via Bluetooth&® wireless communication. The insoles are 2.5 mm in depth and contain 99 capacitive 
pressure sensors. The insoles were properly calibrated before use. Measurements were carried out on the treadmill, 
which was set at 5 and 7 km h-1. Each trial consisted of an acclimatization period of 30 seconds on the treadmill. 
Each woman had an opportunity to try out the MBT shoes for a period of 5 minutes to get accustomed to the 
unstable shoes prior to measuring. Measurement was implemented for 30 seconds with the frequency of 100 Hz. 
Ten double steps from the middle section of the data were analysed. The data was transmitted through Bluetooth 
technology directly to the PC and then were processed using the Pedar software (Novel, Munich, Germany). 
Walking with MBT shoes on the treadmill of each woman was measured under four different conditions (velocity 5 
and 7 km h-1, inclination of the treadmill 0 and 10 %). The same testing conditions were used for walking in 
common sport shoes (Fig. 1). 
 For the analysis ten double steps from the middle part of the recording were used. Initial and final steps were 
excluded from analyses. The area of the insoles was divided up into three sections (forefoot with toes, midfoot and 
heel). The data for both feet were processed separately. Outcome variables were: the highest (peak) pressure 
(denoted as Y1 for the left and Y2 for the right leg), the maximum force in the vertical direction (Y3 - left, Y4 – 
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right), the maximum force in the vertical direction in the area below the heel bone - calcaneus (Y5 - left, Y6 – right), 
then the duration of step (stride: Y7) and the contact time with the belt (stance: Y8). The data was further processed 
by Matlab. To analyse the correlation between all variables it was necessary to take into account the individuality of 
the study subjects. The simplest model which takes into account this fact is: 
 
                        (1) 
 
where Y is the selected output variable, aj is the difference between individuals (j = 1,…,10), B, V, S are 
indicators of the type of shoes, velocity and inclination. B = 0 for regular sports shoes, B = 1 for MBT, V = 0 to 5 
km h-1, V = 1 to 7 km h-1, S = 0 for 0°, S = 1 to 10°. In the text below, the order B/V/S will be used to indicate the 
variables. Quantity ε is a random variation about which we assume that it is mutually independent and identically 
distributed with a normal distribution N (0, σ2). This assumption was tested using the Lilliefors test (generalization 
of Kolmogorov-Smirnov test) and two non-parametric tests of independence and randomness. 
The experiments reported in the manuscript were performed in accordance with the ethical standards of the 
Helsinki Declaration, and the participants signed an informed consent form.  
3. Results 
Figure 1 contains mean values of the output variable “peak pressure“, Y1 (left) and Y2 (right), always for all 10 
subjects (10 different curves), for all combinations of input factors. The corresponding indicators are denoted as B 
(Boot, i.e. the shoe type), S (Slope) and V (Velocity, speed), namely setting B = 0 for standard shoe, B = 1 for the 
MBT, V = 0 for 5 km h-1, V = 1 for 7 km h-1, S = 0 for 0 %, S = 1 for 10 %. Then their eight combinations are 
arranged (on X axis) in the order (B,V,S) = (0,0,0), (0,1,0), (0,0,1), (0,1,1), (1,0,0), (1,1,0), (1,0,1), (1,1,1). 
 
Fig. 1. The averaged personal variable “peak pressure“ for all 10 subjects for all combinations of input factors. 
It is well presented that the variability of results among the subjects are rather large, similarly to the variability 
caused by the influence of input factors. Furthermore, when comparing measurements on the left (Y1) and right foot 
(Y2), considerable differences are shown (for at least some studied subjects). Therefore, the statistical model should 
take all of these influences into account, and separate them from the influence of input variables, factors B, V, S, in 
which we are primarily interested. The following rather simple linear model (eq. 2) fulfils all of these requirements: 
                   (2) 
 
Here i = 1,2,…,160 is an index of measurement,  j = j(i) = 1,2,…,10 is the number of the examined person and Yi 
is the value of output variable in i-th measurement. Parameters aj characterize the contribution of j-th person when 
measured on the left foot, rj is then the difference between the right and left foot, i.e. R is an indicator, R = 1 if the 
right foot is measured, R = 0. Finally, variables ei represent random departures. It is assumed that they are i.i.d., and 
that they are mutually independent. They also share the same normal distribution N (0, σ2). The assumption has 
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been tested with the aid of the Lilliefors test of normality, as well as two tests of independence and randomness 
(series up and down, series above and below the median). In all cases the tests support the suitability of the 
assumption, i.e. tests did not reject the corresponding statistical hypotheses. Furthermore, the independence of σ2 on 
input variables (homoscedasticity) was tested with the White test; again, the consistency of variance was not 
rejected in any case. Table 1 contains the resulting least-squares estimates of parameters b, c, d; p-values of the 
corresponding t-tests of the parameter significance are in brackets (0 means that the p-value is less than 0.0001). The 
table also contains the estimated residual standard deviation σ. Model (2) with factors Rj concerns the pairs of 
variables from Y1 - Y6, where measurements from the left and right foot were considered separately. When 
analysing variables Y7, Y8, the component rj·Ri has been omitted (legs were not distinguished).   Regarding the 
estimates of ‘ individual‘ parameters  aj  and  rj , which are not recorded here, they may be viewed as characterizing 
individual features of the walking style of  the individual.. As expected, all parameters aj and some rj were 
statistically significant. 
For the accuracy of the assumption concerning the i.i.d. and normal errors in model (2), the residual values ei   
vers. index i in the case of analysis of variables Y1, Y2 , together with their QQ-plot were calculated. Except one 
large residual value, corresponding to one evidently outlying measurement of Y1 these calculation demonstrated 
agreement with the assumption. 
Table 1. Estimates of parameters b, c, d and σ of model (1) 
Output 
variable Estimated b Estimated c Estimated d Estimated σ 
Y1, Y2 - 25,925 (0,0003) 42,20 (0) -1,50 (0,829) 43,761 
Y3, Y4 - 4,40 (0,4935) 61,25 (0) 15,50 (0,017) 40,532 
Y5, Y6 -36,75 (0) 177,625 (0) -56,575 (0) 43,114 
Y7 0,0341 (0) - 0,1575 (0) -0,0073 (0,291) 0,0304 
Y8 0,0153 (0) - 0,1001 (0) -0,0103 (0,065) 0,0246 
After statistical analysis, the following results could be found (which were more or less expected, except the 
results for variables Y3 and Y4, which confirmed the impact of the MBT shoes). Regarding variables Y1 and Y2, 
estimates are b < 0, c > 0, significantly, while the influence of slope is not recognized as statistically significant. In 
other words, for the MBT shoe the peak pressure is smaller, and is increasing with the higher speed of walk. For 
variables Y3 and Y4 (Fmax) the dependence both on the speed and on the slope was found out to be positive and 
significant (c,d > 0), while the significant dependence on the shoe type was not proven. Variables Y5 and Y6 
(Fmax/heel) were detected as strongly statistically dependent on the velocity (c > 0). Furthermore, the dependence on 
the slope and shoe type was significant (negative) too (b, d < 0). The measurements of the next two variables Y7 
(stride duration) and Y8 (stance duration) has shown, that stride and stance duration are dependent on the shoe type. 
Using MBT shoes prolongs the duration of these two variables, increasing velocity than shortens the duration of 
stride and stance. No significant dependence on the slope was proven.  
4. Discussion 
Walking in unstable shoes is a special walking technique with a specially designed shoe. This type of shoe is 
used by a wide range of healthy people and also patients with various problems. There still remains a question to be 
answered, how MBT changes the walking pattern and muscle activity compared to regular shoes. 
When walking with MBT shoes, both the pressure and also the vertical force below the heel change significantly.  
This assumption is in correspondence with the findings of other studies [13, 30] that also confirm significant 
differences in pressure distribution. Furthermore, it is corroborated in the study of Stewart et al. [24], according to 
which the MBT shoe decreases the mean pressure in the midfoot and hindfoot regions with subjects both standing 
and walking. According to this study the forward shift of pressure in an MBT shoe is clearly due to the sloping 
design of the shoe base displacing the weight away from the heel. The values of peak pressure when MBT footwear 
was used were statistically, significantly lower in our study. This is contradictory to the findings of Forghany et al. 
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[31], by which the average loading rate was 14 % higher for the MBT compared to the control footwear. In terms of 
the presumable therapeutic potential of MBT footwear, it was noteworthy that the usage of MBT footwear caused a 
statistically significant reduction in the vertical force under the calcaneus as compared with conventional sports 
shoes. This finding is in agreement with prewious studies [20, 22-24]. These authors introduce the therapeutic 
potential due to the changes in the load distribution. On the basis of the findings in this study, the use of MBT shoes 
will be recommended, for example, for patients who have had a calcaneal fracture. The way most patients walk after 
a calcaneal fracture changes during the time of recovery and these patients usually put weight on the injured foot 
significantly less than the healthy one.  Walking in MBT footwear could affect the walking pattern of these patients 
and at the same time eliminate the gait asymmetry, reported after calcaneal fractures by Besch et al. [32]. 
Apart from the effects of footwear on selected variables, the impacts of the slope and of the walking speeds were 
studied too. The findings demonstrate that in the case of peak pressure no statistically significant difference was 
dependent on the slope. What was confirmed was the fact that peak pressure rises with an increase in the speed of 
walking. This partly contradicts the conclusions of the study [30], that claims that increases in speed and slope lead 
to changes in pressure distribution with increasing pressure especially in the heel region. It should be borne in mind 
that in our experiment walking uphill was studied while other study [30] focused on walking downhill. For Fmax  a 
positive and significant dependence both on the speed and on the slope was revealed. It was not proven that there 
was a significant dependence on the shoe type. Variables Fmax under the heel (left and right foot) were detected as 
strongly statistically dependent on the velocity. Furthermore, the dependence on other two factors (shoe type and the 
slope) was statistically significant, too, but negative. On the basis of these findings, slow walking in MBT footwear 
up moderate hills can be recommended for a reduction of reaction forces under the heel bone. 
The measurements of the last two variables (stride - duration of the step and stance - duration of contact with the 
belt) and the statistical analysis revealed, for both variables, a significant positive dependence on the shoe type, 
negative on the velocity, while the dependence on the slope appeared to be negative; although, it was insignificant 
(it concerns especially variable Y7). For speed, this outcome is logical; for the dependence on the shoe type, the 
result can be given in particular by the arcuate in the MBT shoe soles, which probably caused the prolongation of 
the duration of both phases. 
A generalized model can also consider interactions of input variables (their influence can then be combined, 
strengthened). Furthermore, it is evident that some output variables are mutually dependent. This dependence was 
examined, too, and quantified via paired correlations. As expected, pairs of variables measuring the same quantity 
on the left and right foot were strongly correlated, and a strong correlation was also detected between variables Y7 
and Y8. 
5. Conclusions 
On the basis of the implemented measurements with MBT footwear it can be concluded that peak pressure is 
smaller in comparison to normal sport shoes. Furthermore, it increases the higher the speed of walking in MBT 
shoes. For maximal vertical force the dependence both on the speed and on the slope was found to be positive and 
significant. No significant dependence on the shoe type was proven. Maximal vertical force under the heel was 
detected as strongly statistically dependent on the velocity; the dependence on the slope and shoe type was 
significant (negative) too. Stride and stance duration are dependent on the shoe type; using MBT shoes prolongs the 
duration of these two variables, increasing velocity logically shortens the duration of stride and stance. No 
significant dependence on the slope was proven. 
More accurate results in such cases might be accomplished through an increased number of measurements. A 
generalized model could include interactions (eg. mutual gain influence) of some combinations of input variables. 
This may be the subject of further investigations. Nevertheless, these conclusions do indicate that the MBT footwear 
may be an effective therapeutic tool for elimination of pressure under the heel. Further research is required to 
support these findings. 
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